The type III secretion system (T3SS) encoded by the Salmonella pathogenicity island 2 (SPI2) has a central role in systemic infections by Salmonella enterica and for the intracellular phenotype. Intracellular S. enterica uses the SPI2-encoded T3SS to translocate a set of effector proteins into the host cell, which modify host cell functions, enabling intracellular survival and replication of the bacteria. We sought to determine whether specific functions of the SPI2-encoded T3SS can be transferred to heterologous hosts Salmonella bongori and Escherichia coli Mutaflor, species that lack the SPI2 locus and loci encoding effector proteins. The SPI2 virulence locus was cloned and functionally expressed in S. bongori and E. coli. Here, we demonstrate that S. bongori harboring the SPI2 locus is capable of secretion of SPI2 substrate proteins under culture conditions, as well as of translocation of effector proteins under intracellular conditions. An SPI2-mediated cellular phenotype was induced by S. bongori harboring the SPI2 if the sifA locus was cotransferred. An interference with the host cell microtubule cytoskeleton, a novel SPI2-dependent phenotype, was observed in epithelial cells infected with S. bongori harboring SPI2 without additional effector genes. S. bongori harboring SPI2 showed increased intracellular persistence in a cell culture model, but SPI2 transfer was not sufficient to confer to S. bongori systemic pathogenicity in a murine model. Transfer of SPI2 to heterologous hosts offers a new tool for the study of SPI2 functions and the phenotypes of individual effectors.
During the evolution of bacterial pathogenesis, the horizontal transfer of virulence genes has been a driving force for the emergence of new species and the adaptation of pathogens to new hosts and specific sites in these hosts. It has been concluded that large clusters of virulence genes are exchanged between various bacteria, and the acquisitions of so-called "pathogenicity islands" are considered as quantum leaps in the evolution of bacterial pathogenesis (13, 35) .
Salmonella spp. form a complex group of gastrointestinal pathogens of animals and humans. Traditionally, a large number of isolates of Salmonella enterica have been defined as species due to distinct serological differences. However, molecular analyses indicated that most of these isolates represent serotypes of the species S. enterica, for example, S. enterica subspecies I serotype Typhimurium, and current taxonomy defines two species of Salmonella. Human infections are most frequently caused by various serovars of S. enterica. Disease outcomes associated with S. enterica can range from self-limiting localized gastrointestinal infections to life-threatening systemic infections such as typhoid fever (9) . S. bongori, a second Salmonella species, is only rarely observed in human infections and is found as a commensal of cold-blooded animals (4, 38) . Molecular analyses indicated that S. bongori represents a phylogenetically older separation from the genus Salmonella (4, 6) .
Besides their clinical relevance, Salmonella spp. are interesting organisms for study of the interaction between pathogen and host cell, as well as events during the evolution of a pathogen. A large number of virulence genes have been identified in S. enterica. Two key virulence traits are involved in the interaction of bacteria and host cells. S. enterica is able to invade nonphagocytic cells such epithelial cells of the gastrointestinal mucosa. S. enterica is also a facultative intracellular pathogen that can survive phagocytosis by macrophages and replicate inside eukaryotic host cells. These two hallmarks of pathogenesis are linked to the presence of two pathogenicity islands (reviewed in reference 14) . Salmonella pathogenicity island 1 (SPI1) encodes a type III secretion system (T3SS) that has a function for bacterial invasion (11) and further interactions between Salmonella and enterocytes (45) . SPI2 encodes a second T3SS with a role in subsequent phases of pathogenesis (18) . Mutant strains deficient in SPI2 genes are severely attenuated in virulence and are deficient in intracellular survival and proliferation. SPI2 genes are induced by intracellular bacteria, and it has been demonstrated that SPI2 functions modify several host cell functions such as intracellular transport (42) and antimicrobial defense mechanisms involving reactive oxygen intermediates (44) , as well as reactive nitrogen intermediates (5) . SPI2 is also important for maintaining the Salmonellacontaining vesicle, and the SPI2 effector protein SifA makes a significant contribution to this phenotype (3) . Both S. enterica and S. bongori harbor SPI1, but the SPI2 locus is only present in S. enterica and is considered a more recent evolutionary acquisition (20, 34) . The gain of SPI2 is thought to be a major step toward successful systemic colonization of host organisms (1) .
The SPI1-and SPI2-encoded T3SSs both mediate the contact-dependent translocation of bacterial effector proteins into eukaryotic target cells. Interestingly, these effector proteins are not only encoded by genes within SPI1 and SPI2 but also by various distinct loci that represent independent acquisitions. With respect to the translocated effector proteins of the SPI2-encoded T3SS, a group of effector proteins referred to as STE proteins has been defined by the presence of a N-terminal secretion signal (30) . There are also the translocated effector proteins SseF and SseG encoded within the SPI2 locus that colocalize with the endosomal membrane compartments after translocation by intracellular Salmonella (25) . All of the SPI2-specific effector proteins currently known are absent in S. bongori (16, 24, 31) . The total number of genes encoding translocated effectors is not known, and the function of the identified effector proteins is only partially understood. Sequence similarity of various effector proteins may indicate a redundancy in the function of these proteins. This situation makes it difficult to examine the contribution of an individual effector to the intracellular phenotype of S. enterica.
In the experimental setup described here, we investigated whether SPI2-functions can be transferred into SPI2-negative host organisms. We observed that the SPI2-system can be functionally transferred to S. bongori and that SPI2-mediated phenotypes are expressed if eukaryotic host cells are infected with S. bongori harboring the SPI2 locus. This system, when used with a heterologous host organism, allows the dissection of the roles of individual effector proteins.
MATERIALS AND METHODS
Bacterial strains and culture conditions. Strains used in the present study are listed in Table 1 . S. enterica subspecies I serotype Typhimurium NCTC 12023 (S. enterica serotype Typhimurium) was used as a wild-type strain. S. bongori was retrieved from Salmonella reference collection C (SARC) of the Salmonella Genetic Stock Center (Calgary, Alberta, Canada). The E. coli strains DH5␣ (Gibco-BRL) and XL1-Blue MR (Stratagene) were used for the propagation of plasmids, and the probiotic E. coli strain Mutaflor was used as a host for transfer of the SPI2 locus.
Construction of a cosmid bank of S. enterica serotype Typhimurium. Chromosomal DNA of S. enterica serotype Typhimurium was partially digested with SauIIIA and cloned into the BamHI restriction site of the cosmid pSuperCos1 (Stratagene). The cosmids were packed by phage by using a Gigapack III Gold Packaging Kit (Stratagene) and transferred into E. coli XL1-Blue MR (Stratagene). The cosmid library consisting of about 1,000 clones was examined by Southern blot analysis for the presence of the SPI2-encoded T3SS with a hybridization probe corresponding to ssaT. Positive clones were further analyzed by hybridization with probes corresponding to orf242 and ssaU, the most distal genes of the portion of SPI2 relevant for virulence.
Culture conditions. For infection experiments, bacterial strains were grown in Luria-Bertani (LB) broth containing 50 g of carbenicillin/ml or 34 g of chloramphenicol/ml if required for the maintenance of plasmids. Bacterial cultures were grown in glass test tubes with agitation.
For in vitro studies of expression, strains were grown in minimal medium composed of N-salts medium [5 mM KCl, 7.5 mM (NH 4 ) 2 SO 4 , 0.5 mM K 2 SO 4 , 100 mM Bis-Tris-HCl (pH 7.0), 38 mM glycerol, 0.1% Casamino Acids] containing low (30 M MgCl 2 ) or high (10 mM MgCl 2 ) concentrations of Mg 2ϩ . Minimal medium containing high (PCN) or low (PCN-P) concentrations of phosphate were used as described previously (8, 17) . For PCN-P medium at pH 5.8, 80 mM morpholinepropanesulfonic acid was replaced by 80 mM morpholineethanesulfonic acid. All minimal media were prepared with double-distilled H 2 O.
Strain construction. Plasmids were introduced into the respective strains by electroporation or by P22 transduction (26) (in case of S. enterica serotype Typhimurium) according to standard procedures. Strain MvP 371 with a replacement of the SPI2-encoded T3SS by the kanamycin resistance cassette was constructed by the Red deletion technique (7) . The primers SPI2-Red-Del-for (5Ј-CCATACGTAACAAGGCTGCAACGGGTTCAAATAACGTTTCAGGGTG TAGGCTGGAGCTGCTTC-3Ј) and SPI2-Red-Del-rev (5Ј-GTAGCTTTTCGC TGATCCCATGATTGGTATACCCCTCGTCCATATGAATATCCTCCTTA G-3Ј) were used to amplify the aph gene from pKD4 (7) . The resulting PCR product was purified and used to transform S. enterica serotype Typhimurium to kanamycin resistance as previously described (15) . The deletion in the resulting strain was confirmed by Southern hybridization and DNA sequencing.
Construction of plasmids. Plasmid p2777 for the expression of SseJ with a C-terminal fusion to the hemagglutinin (HA) epitope tag and the constitutively expression of green fluorescent protein (GFP) was constructed as follows. Primers SseJ-Pro-For (5Ј-CCGGAATTCACATAAAACACTAGCAC-3Ј) and SseJ-HA-Rev2 (5Ј-GCATCTAGATTAAGCGTAGTCTGGGACGTCGTATGGGT ATTCAGTGGAATAATGATGAGC-3Ј) were used to amplify the sseJ gene with its promoter from genomic DNA of S. enterica serotype Typhimurium. The resulting product was digested with EcoRI and XbaI and subcloned into lowcopy-number vector pWSK29 to yield p2684.
Primers GFP-Pro-For-SacI (5Ј-GATGAGCTCGTTCATGCGTGATGCAAT G-3Ј) and GFP-Rev-SacI (5Ј-GATGAGCTCCATTTATTTGTATAGTTC-3Ј) were used to amplify the GFP gene and a constitutive promoter from plasmid pFPV25.1. The product was digested with SacI and cloned into the SacI site of p2684 to yield p2777 or cloned into p2104 to yield p2812. Plasmids were introduced into S. enterica serotype Typhimurium strains by electroporation. Regulated expression of the SseJ-HA fusion protein was analyzed under in vitro conditions and was identical to previously described fusion proteins with the M45 epitope tag (data not shown).
Protein secretion in vitro. Preparation and analyses of proteins secreted by the SPI2-encoded T3SS in vitro was performed as described before (32) . Briefly, bacteria were grown with agitation for 16 h at 37°C in 200 ml of PCN-P media adjusted to pH 5.8. Bacteria were pelleted by centrifugation, and the culture supernatant was passed through a 0.2-m-pore-size filter membrane to remove residual bacteria. Protein secreted into the culture medium was concentrated by precipitation with 10% trichloroacetic acid. Secreted protein located on the bacterial cells surface was detached by vigorous mixing of the concentrated bacterial suspension and concentrated by trichloroacetic acid precipitation.
Cell culture. The murine monocytic cell line RAW 264.7 and the human epithelial cell line HeLa were cultured in Dulbecco modified Eagle medium (DMEM; Invitrogen) containing 10% fetal calf serum (FCS; Invitrogen) and 2 mM glutamine at 37°C in an atmosphere of 5% CO 2 . Cells were cultured in the absence of antibiotics.
Bacterial infection of HeLa cells and invasion assay.
For the infection of HeLa cells, bacteria were grown at 37°C with agitation to stationary phase. The cultures were then diluted 1:30 with fresh LB broth and incubated for further 3.5 h at 37°C with agitation to reach late logarithmic phase. The optical density at 600 nm (OD 600 ) of the cultures was adjusted with phosphate-buffered saline (PBS) to 0.2. The bacteria were diluted in DMEM containing FCS and glutamine and added to the cells seeded in 24-well tissue culture plates at a multiplicity of infection of 1 (for S. enterica serotype Typhimurium) to 50 (for S. bongori). The bacteria were centrifuged onto the cells at 500 ϫ g for 5 min and then incubated for 25 min at 37°C in an atmosphere of 5% CO 2 . After infection, the macrophages were washed three times with PBS and then incubated in DMEM containing FCS, glutamine, and 100 g of gentamicin/ml (Sigma). After 1 h of incubation, the medium was replaced with DMEM containing FCS, glutamine, and 10 g of gentamicin/ml for the remainder of the experiment.
To assess the number of bacteria that actively entered the cells, serial dilutions of the inocula were plated onto Mueller-Hinton agar plates. HeLa cells were washed three times with PBS at 2 h after infection and lysed with 0.1% Triton X-100 in PBS for 10 min at 37°C. Serial dilutions were plated on Mueller-Hinton agar plates.
Bacterial infection of macrophages, invasion assay, and survival assay. For infection of RAW 264.7 cells, bacteria were grown to stationary phase, and the OD 600 values of the cultures were adjusted with PBS to 0.2. The bacteria were diluted in DMEM containing FCS and glutamine and then added to the cells seeded in 24-well tissue culture plates at a multiplicity of infection of 1 (for S. enterica serotype Typhimurium) to 50 (for S. bongori). The infected cells were further treated as described for the infection of HeLa cells.
For enumeration of intracellular bacteria, macrophages were washed three times with PBS and lysed with 0.1% Triton X-100 in PBS for 10 min at 37°C, and serial dilutions were plated on Mueller-Hinton agar plates.
Infection of mice. Groups of 3 to 4 female BALB/c mice (6 to 8 weeks of age) were infected by orogastral application of a suspension containing mixture of 5 ϫ 10 9 each of S. bongori(p2104) and S. bongori(pB6/p2104) or of S. bongori(p2777) and S. bongori(pB6/p2777). At day 2, 3, or 4 after infection, animals were sacrificed. Peyer's patches, mesenteric lymph nodes, spleens, and ceca were removed and homogenized in sterile PBS. Serial dilutions of the homogenates were plated onto LB agar containing carbenicillin to determine the total number of bacteria and onto LB agar containing chloramphenicol to determine the number of S. bongori(pB6/p2104) or S. bongori(p2777).
Immunofluorescence. For immunofluorescence analyses, cells were grown in 24-well tissue culture plates on glass coverslips. After infection and incubation for different times, the cells were fixed with 3% paraformaldehyde in PBS for 15 min at room temperature and then washed three times with PBS. The antibodies were diluted in a blocking solution consisting of 10% normal goat serum, 1% bovine serum albumin, and 0.1% saponin (Sigma) in PBS. The coverslips were incubated with various antibodies as detailed below and then washed three times with PBS after each incubation step. The coverslips were mounted with Fluoprep (bioMèrieux) and sealed with Entellan (Merck). Samples were analyzed by using a laser-scanning confocal microscope (Leica TCS-NT).
Antibodies. If not otherwise stated, all antibody incubations were performed for 1 h at room temperature. S. enterica serotype Typhimurium was detected by using rabbit ␣-Salmonella O4 test sera (1:1,000; Difco) as a primary antibody and a goat anti-rabbit Cy2-conjugate (1:1,000; Jackson). S. bongori was detected by using mouse ␣-Salmonella O48 sera (1:1,000; Sifin) as a primary antibody and goat anti-mouse Cy2-conjugate (1:1,000; Jackson). Rat monoclonal antibody anti-HA epitope (Roche) was used at a dilution of 1:500 and detected with goat ␣-rat conjugated to Cy3 (1:1,000). For immunostaining of microtubules, a mouse anti-␤-tubulin Cy3-conjugate (Sigma) was used at a dilution of 1:200.
LAMP-1 of human cells was detected with mouse anti-human LAMP-1 (clone A4H3, 1:1,000; DSHB) as a primary antibody and goat anti-mouse Cy3-conjugate (1:1,000; Jackson) as the secondary antibody. Cellular F-actin was detected by using Texas red-conjugated phalloidin (1:200; Molecular Probes).
Polyclonal rabbit antiserum against the recombinant heat shock protein Hsp60 was used at a dilution of 1:400 (33) . Rabbit antisera against recombinant SseB have been described previously (2) .
RESULTS
Virulence characteristics of S. bongori and E. coli Mutaflor. We used the bacterial species S. bongori and E. coli Mutaflor as heterologous hosts in the present study. We observed that various virulence factors of S. enterica are absent in S. bongori, most importantly the SPI2 locus (20, 34) and various loci encoding effector proteins of the SPI2-encoded T3SS (16, 24, 31) . Mutaflor is an E. coli strain that is nonpathogenic but, in contrast to common lab strains, fully capable of colonizing the intestine. This strain is used as probiotic for the regeneration of the human intestinal flora.
In order to define the intracellular characteristics of S. bongori and E. coli Mutaflor, we applied cell culture models for invasion and intracellular replication. We used S. bongori strains from SARC (4), as well as clinical isolates from human infections of children in southern Italy (37) . Analysis of invasion of HeLa cells indicated that E. coli Mutaflor and several of the clinical S. bongori isolates were noninvasive under the conditions applied. We found that the S. bongori strains SARC 11 and SARC 12 are able to invade HeLa cells with 2 to 5% of the invasiveness observed for S. enterica serotype Typhimurium strain NCTC 12023. Further analyses indicated that S. bongori was efficiently taken up by the murine monocyte cell line RAW 264.7. In contrast to intracellular S. enterica serotype Typhimurium that replicated rapidly, the number of intracellular S. bongori organisms decreased within 16 h of the experiment (data not shown).
Cloning of SPI2-encoded T3SS. DNA fragments obtained by partial SauIIIA digest of genomic S. enterica serotype Typhimurium DNA were cloned into cosmid pSuperCos1 (Stratagene), and the resulting library was maintained in E. coli. Colony hybridization allowed the identification of clone p1-H4 that harbored the portion of SPI2 encoding subunits of the T3SS, secreted proteins, and the regulatory system SsrAB (Fig.  1) . To circumvent artifacts due to the copy number of 7 to 10 reported for pSuperCos1, the insert of p1-H4 was recovered after digestion with NotI and subcloned into the bacterial artificial chromosome (BAC) vector pBeloBac11 (22) , resulting in BAC clone pB6. pBeloBac11 is present as a single copy per cell.
In order to verify the function of the pB6-encoded SPI2
VOL. 72, 2004 SPI2 TRANSFERtranslocation system, a SPI2 deletion strain of S. enterica serotype Typhimurium was constructed. A portion of 25 kb of SPI2 required for virulence was deleted from the S. enterica serotype Typhimurium chromosome by using a one-step inactivation system (7). The resulting strain failed to synthesize SPI2-encoded proteins, as shown for the secreted translocator protein SseB (Fig. 2A) . The ⌬SPI2 strain was attenuated in systemic infections in mice to a similar extent as previously described transposon mutant strains (40) . Complementation of the ⌬SPI2 strain with pB6 harboring the cloned SPI2 locus restored expression of SPI2-encoded proteins ( Fig. 2A) , as well as intracellular replication (data not shown). These experiments indicated that plasmid pB6 contains a functional set of genes encoding the T3SS and its regulatory system. Analyses of SPI2 gene expression and T3SS function in heterologous hosts. Cosmid p1-H4 and BAC clone pB6 were introduced into various E. coli strains and S. bongori SARC 12   FIG. 1 . Cloning of the SPI2-encoded T3SS. The SPI2 locus of S. enterica is 40 kb in size and is divided into two functional entities. A portion of 25 kb important for virulence contains the T3SS and several translocated effectors and is only present in S. enterica subspecies. In contrast, the 15-kb portion encoding the tetrathionate reductase complex and proteins of unknown function is not required for virulence and can be detected in S. enterica, as well as in S. bongori (19) . The extent of the deletion of SPI2 genes in strain ⌬SPI2 is indicated.
FIG. 2. Expression of sseB by the cloned SPI2 locus. (A) S. enterica
serotype Typhimurium wild type (WT), the SPI2 deletion mutant strain (⌬SPI2), and the SPI2 deletion mutant strain complemented with the plasmid-borne SPI2 locus (⌬SPI2 [SPI2]) were grown under conditions resulting in low (LB) or high (PCN-P) levels of the SPI2-encoded protein SseB. After growth for 16 h, lysates were prepared from equal amounts of bacteria, as determined from the OD 600 , and protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred onto nitrocellulose membranes. SseB was detected by using a polyclonal antibody as previously described (32) . (B) The plasmid-borne SPI2 locus was introduced into S. bongori. S. enterica serotype Typhimurium wild type (S. T.) and S. bongori harboring the vector pBeloBac11 or the SPI2-encoding plasmid pB6 were grown for 16 h in various media as indicated. LB broth was adjusted to pH 7.0 or 5.0, PCN was adjusted to pH 5.8, PCN-P was adjusted to pH 7.4, and F minimal medium containing limiting amounts of Mg 2ϩ (30 M) was adjusted to pH 7.0 or 5.0. The amounts of SseB in total bacterial lysates were detected as described above.
FIG. 3. Secretion of
SseB by wild-type S. enterica serotype Typhimurium and S. bongori expressing the SPI2-encoded T3SS. S. enterica serotype Typhimurium or S. bongori(pB6) organisms were grown in PCN-P minimal medium adjusted to pH 7.4 or 5.8. After growth overnight, secreted protein was recovered from the bacterial cell surface (detached fraction) or the growth medium (supernatant) as previously described (32) . (A) The amounts of SseB in total cells, in the detached fraction, and in the supernatant were analyzed by Western blotting as described for Fig. 2. (B) To control the integrity of S. enterica serotype Typhimurium and S. bongori(pB6) grown in PCN-P at pH 5.8, the presence of the Hsp60 was analyzed in the total cell and supernatant fractions. Hsp60 is a cytoplasmic protein that is not secreted.
by electroporation, and the function of SPI2 genes was further analyzed. Previous observations revealed that the expression of SPI2 genes is induced during growth in medium containing limiting amounts of Mg 2ϩ or phosphate. To investigate expression of SPI2 genes in heterologous hosts, strains harboring p1-H4 or pB6 were grown in various rich and minimal media, and the levels of the SPI2-encoded protein SseB were assayed by Western blot analyses of total cell fractions. E. coli strains did not grow under medium conditions required to induce SPI2 gene expression and were not further investigated. Western blot analyses indicated that high levels of SseB were present after growth of S. bongori(p1-H4) in rich medium but not after growth in SPI2-inducing minimal medium with phosphate limitation (i.e., PCN-P) or limiting amounts of Mg 2ϩ (F medium) (data not shown). In contrast, analysis of S. bongori(pB6) showed that high levels of SseB were only observed after growth in PCN-P or F medium (Fig. 2B) . The effects of medium composition on S. bongori(pB6) were similar to the effects on wild-type S. enterica serotype Typhimurium described previously (8) .
We next analyzed whether the SPI2-encoded T3SS is functioning in protein secretion in the heterologous host S. bongori. Previous studies showed that growth of S. enterica serotype Typhimurium in minimal medium at acidic pH induced the secretion of several SPI2-encoded proteins (2, 23, 32) and further effector proteins of the SPI2-encoded T3SS (17) . These studies also revealed that large amounts of the secreted protein remain on the bacterial cell surface after secretion. To investigate SPI2-dependent protein secretion, cultures of S. enterica serotype Typhimurium and S. bongori(pB6) were grown in PCN-P at pH 7.4 or pH 5.8. Western blot analyses indicated the presence of SseB in the total cell fraction, the fraction detached from the bacterial cell surface (detached fraction) and in the culture supernatant (secreted protein fraction) if S. enterica serotype Typhimurium or S. bongori(pB6) was grown in PCN-P at pH 5.8 but not after growth in PCN-P at pH 7.4 (Fig. 3) . To control whether the protein in the detached or supernatant fractions results from release of cytoplasmic protein due to cell lysis, we examined by Western blot the presence of Hsp60, a cytoplasmic heat shock protein that is not secreted. Hsp60 was neither detected in the supernatant fraction of S. enterica serotype Typhimurium nor in the supernatant fraction of S. bongori(pB6), indicating that growth conditions did not result in the release of detectable amounts of protein from bacterial cells.
Taken together, these experiments demonstrate that the effects of environmental stimuli on chromosomal SPI2 genes in S. enterica serotype Typhimurium and episomal SPI2 genes in S. bongori are very similar and that the SPI2-encoded T3SS is functional in protein secretion in S. bongori as a heterologous host.
Translocation of SPI2 proteins by S. bongori harboring plasmid-encoded SPI2. We next examined whether intracellular S. bongori harboring SPI2 was able to translocate effector proteins into the host cell. Using an epitope-tagging approach, we and others have previously demonstrated that the SPI2-encoded effector SseJ is secreted under in vitro conditions (17) and translocated by intracellular S. enterica serotype Typhimurium (10, 25) . To analyze translocation by heterologous host species, plasmid p2777 for the expression of a fusion protein of SseJ and the HA epitope tag or both p2777 and pB6 were electroporated into S. bongori and E. coli Mutaflor. RAW 264.7 cells were infected with S. enterica serotype Typhimurium harboring p2777 or S. bongori or E. coli Mutaflor, each harboring either p2777 or pB6/p2777, and translocated protein was detected by immunostaining (Fig. 4) . As described before (25), we observed staining for translocated SseJ-HA within host cells after infection with S. enterica serotype Typhimurium harboring p2777. Only a lower number of intracellular E. coli was detected, indicating that the majority of the phagocytosed bacteria were rapidly degraded. No protein translocation was detected after infection with S. bongori(p2777) or E. coli(p2777). In contrast, after infection with S. bongori(pB6/p2777) or E. coli(pB6/p2777) we detected translocated SseJ-HA. These observations demonstrate that, in heterologous hosts, the SPI2-encoded T3SS is functional in translocating an effector protein.
Induction of SPI-dependent phenotypes by S. bongori harboring SPI2. We then investigated whether an effector protein translocated by S. bongori harboring SPI2 can also induce a cellular phenotype within infected host cells. The specific effects of most SPI2 effector proteins on the host cell are not known in detail. However, a strong host cell phenotype is related to the translocation of SifA, a member of the STE family of SPI2 effectors (30) . SifA is required for the formation of tubular aggregates of host cell endosomes containing lysosomal glycoproteins, such as LAMP-1 (12, 41), as well as for the maintenance of the Salmonella-containing vesicles (SCV) (3).
Plasmid p2812 encoding epitope-tagged SifA and constitutively expressed GFP was introduced in wild-type S. bongori and S. bongori(pB6). In S. enterica serotype Typhimurium, expression of sifA::M45 and T3SS-dependent secretion of SifA-M45 has been previously demonstrated (17) . HeLa cells were infected with wild-type S. enterica serotype Typhimurium, S. bongori, or S. bongori(pB6), each harboring p2812. As observed previously, the formation of tubular endosomal aggregates, or Salmonella-induced filaments, was obvious in S. enterica serotype Typhimurium-infected host cells (Fig. 5) . No SIF formation was observed in HeLa cells infected with S. bongori (data not shown) or with S. bongori(p2812) (Fig. 5) . The formation of SIF was also observed in host cells infected with S. bongori(pB6/p2812), with endosomal aggregates of extend and frequency similar to those observed in S. enterica serotype Typhimurium-infected cells (Fig. 5) . We were not able to analyze SIF induction by E. coli Mutaflor(pB6/p2812), since this did not invade HeLa cells. The induction of SIF by intracellular S. bongori(pB6/p2812) shows that an SPI2-dependent virulence function can be transferred to a heterologous host.
We next investigated the effect of S. bongori harboring SPI2 on the host cell cytoskeleton. Previous studies indicated SPI2-dependent modifications of the actin cytoskeleton (28, 29) . Infection of HeLa cells with S. bongori harboring SPI2 did not result in detectable alterations in the organization of the actin cytoskeleton (Fig. 5) . In contrast, infection with S. bongori harboring SPI2 affected the appearance of the microtubule cytoskeleton (Fig. 5) . Accumulation of ␤-tubulin was detected around SCV containing replicating S. bongori(pB6) but was not observed in HeLa cells infected with S. bongori. We next sought to determine whether known SPI2-encoded effector proteins could be involved in this phenotype. A plasmid for the expression sseF::HA was introduced into S. bongori(pB6). In contrast to the pattern observed in infected RAW cells (Fig. 4) , translocated SseF in HeLa cells was predominantly localized in the vicinity of the SCV. We observed frequent colocalization of SseF-HA translocated by intracellular S. bongori harboring SPI2 with ␤-tubulin accumulations at the SCV. The observations indicate that SPI2-dependent modifications of the actin cytoskeleton were not induced by S. bongori(pB6) in the absence of additional effector. However, SPI2-encoded effectors such as SseF and SseG were sufficient to induce alterations of the microtubule cytoskeleton by intracellular S. bongori.
Transfer of SPI2 to S. bongori confers an intracellular virulence phenotype. To assess the effect of the pB6-encoded T3SS on the intracellular phenotype of S. bongori, the intracellular replication rate was determined by using the gentamicin protection assay. RAW 264.7 cells were infected with S. enterica serotype Typhimurium or S. bongori as indicated in Fig. 6 and intracellular replication was examined by immunofluorescence microscopy. In host cells infected with S. enterica serotype Typhimurium(p2812), clusters of intracellular replicating bacteria were detected. Similar observations were made for S. bongori(pB6/p2812), but the frequency of clusters of replicating bacteria was lower. In contrast, only very few intracellular S. bongori(p2812) organisms were observed (Fig. 6A) . For the quantification of intracellular proliferation, infected RAW 264.7 cells were lysed 2 h or 16 h after infection, and CFU counts were determined by plating lysates onto agar plates (Fig. 6B ). In accordance with previous observations, strong intracellular proliferation of S. enterica serotype Typhimurium was dependent on the function of SPI2 genes. The numbers of viable S. bongori decreased within the experimental interval, whereas a constant number of intracellular S. bongori organisms harboring SPI2 was observed. The observation of clusters of replicating bacteria of S. bongori(pB6/p2812), but constant numbers of viable intracellular bacteria, indicates that a certain portion of S. bongori harboring SPI2 is able to replicate intracellularly but that a large number of the internalized bacteria is killed by the host cell mechanisms. We finally tested whether the transfer of SPI2 to S. bongori results in increased virulence in the murine model of salmonellosis. Mice were orally infected with mixtures of S. bongori(p2777) and S. bongori(pB6/p2777) or of S. bongori(p2104) and S. bongori(pB6/p2104). The bacterial burdens with both strains were determined 2, 3, and 4 days after infection in the ceca, Peyer's patches, mesenteric lymph nodes, and spleens (data not shown). S. bongori was rarely detected in the Peyer's patches and mesenteric lymph nodes. We did not observe an increased ability of S. bongori(pB6/p2104) or S. bongori(pB6/ p2777) to colonize host organs. These results suggest that the transfer of SPI2 and a single effector locus is not sufficient to confer systemic virulence to S. bongori and that further pathogen or host factors determine the ability to initiate a systemic infection. B.] strains), respectively. At 2 and 16 h after infection, macrophages were lysed by the addition of 0.1% Triton X-100, and serial dilutions were plated onto Mueller-Hinton agar for the enumeration of intracellular bacteria. The intracellular CFU was determined for both time points, and the rates of intracellular replication were expressed as the fold increase in CFU. Experiments were performed in triplicate on three different occasions.
DISCUSSION
We reported here the cloning of the SPI2 virulence locus of S. enterica serotype Typhimurium and the functional transfer into the SPI2-negative species S. bongori and E. coli. Our experiments show that a T3SS of a pathogen of animals and humans can be functionally transferred to other bacterial species and genera.
We demonstrated that the expression of SPI2 genes is regulated in S. bongori and that the T3SS is functional, as indicated by the translocation of the SPI2-encoded effector SseJ into host cell. These observations indicate that all components required for regulated expression and assembly of a functional T3SS are present in S. bongori(pB6). In hosts other than Salmonella spp. or E. coli, the expression of episomal SPI2 genes was not properly regulated, suggesting that additional regulatory genes are required that are absent in these species (data not shown).
We observed here that the functions of the SPI2-encoded T3SS could be transferred to the heterologous species S. bongori and E. coli and enabled S. bongori to elicit SPI2-mediated phenotypes in infected host cells. However, the transfer of the SPI2 locus and a single effector locus did not confer the ability to cause systemic infections to S. bongori. This deficiency can be explained by the absence of further members of the group of STE proteins that are encoded by gene loci outside of the SPI2 locus. Although the evolution of bacterial pathogenesis is mediated by the transfer of large blocks of virulence genes, a combination of several virulence genes is required for a specific phenotype. It can be speculated that during the evolution of S. enterica and adaptation to new hosts, effector genes were sequentially acquired. The function of known effector proteins has only been partially described. In addition to the SPI2 virulence genes, this set of effector proteins has to be present in order to confer the full phenotype of intracellular virulence. Alternatively, factors other than SPI2 might be required for the complex virulence trait of systemic pathogenesis. Among other factors, the Salmonella virulence plasmid is not present in S. bongori, as indicated by hybridization experiments (unpublished observations) and by analysis of data from the genome sequencing project of this species. Furthermore, host restriction has been observed for several serotypes of S. enterica in cell culture systems. For example, S. enterica serotype Typhi is not able to proliferate in murine macrophages despite the presence of SPI2 and SPI2 effector genes. A similar host restriction has to be taken into account for cell culture models with S. bongori. Finally, in addition to virulence determinants of Salmonella, recent observations suggest that host factors such as antimicrobial peptides (39) can also dramatically influence the disease outcome in specific host-pathogen combinations.
Previous studies demonstrated the functional transfer of T3SSs of other pathogens. The ability to induce hypersensitive response in infected plants was transferred from plant-pathogenic Pseudomonas syringae pathovar syringae to P. fluorescens and E. coli by transfer of a cloned chromosomal locus (21) . The LEE locus of enteropathogenic E. coli was transferred to an E. coli laboratory strain, and the LEE-dependent phenotypes were observed in cell culture models (27) . Furthermore, pathogenicity islands encoding functions other than T3SS were transferred, e.g., the "high pathogenicity island" of a highly virulent strain of Yersinia enterocolitica to a low-virulence strain (36) . Increased virulence in the mouse model was observed for the recipient strain.
A rather complex situation is given for effector proteins of the T3SS encoded by SPI1 and SPI2 of S. enterica. Both loci encode T3SS and a subset of effector proteins, but a large number of effector proteins of both systems are encoded by loci outside the SPI1 and SPI2 loci. At least 3 secreted and 13 translocated effector proteins of the SPI2-encoded T3SS had been identified thus far, but the total number of substrate proteins in this system is not known. The study of the functions of the individual effector proteins has been complicated by the large number and the possible redundancy in function. S. bongori containing the SPI2 locus represents an interesting novel tool for the dissection of functions of effector protein of the SPI2-encoded T3SS. Previous reports showed that genes encoding effector proteins are absent in S. bongori (16, 24, 31) . We have demonstrated that individual effector genes can be transferred to S. bongori harboring episomal SPI2 and that the corresponding proteins are translocated and functional in the host cell. Furthermore, combinations of two effector proteins were translocated by S. bongori harboring the SPI2 locus (data not shown), and this feature will be useful for the study of the interaction of SPI2 effector protein after translocation.
Using S. bongori harboring SPI2, we have been able to detect a previously unknown host cell phenotype, the modification of the microtubule cytoskeleton (Fig. 5) . This phenotype was induced by S. bongori harboring SPI2 without additional effector genes, suggesting that SPI2-encoded effectors such as SseF and SseG are involved in this phenotype. We performed further studies with S. enterica serovar Typhimurium-infected cells and observed that both SseF and SseG are targeted to microtubules and affect the organization of the microtubule cytoskeleton (V. Kuhle, D. Jäckel, and M. Hensel, unpublished observations) .
Future studies will analyze the subcellular localization of various translocated effector proteins and their specific targets in the host cell. Furthermore, the S. bongori system will allow the study of the interaction of translocated effector proteins, for example, in the modulation of the Salmonella-containing phagosome, or the interference with specific host cell functions.
